Interstrand crosslinks (ICLs) are highly toxic DNA lesions that are repaired via a complex process requiring the coordination of several DNA repair pathways. Defects in ICL repair result in Fanconi anemia, which is characterized by bone marrow failure, developmental abnormalities, and a high incidence of malignancies. SLX4, also known as FANCP, acts as a scaffold protein and coordinates multiple endonucleases that unhook ICLs, resolve homologous recombination intermediates, and perhaps remove unhooked ICLs. In this study, we explored the role of SLX4IP, a constitutive factor in the SLX4 complex, in ICL repair. We found that SLX4IP is a novel regulatory factor; its depletion sensitized cells to treatment with ICL-inducing agents and led to accumulation of cells in the G2/M phase. We further discovered that SLX4IP binds to SLX4 and XPF-ERCC1 simultaneously and that disruption of one interaction also disrupts the other. The binding of SLX4IP to both SLX4 and XPF-ERCC1 not only is vital for maintaining the stability of SLX4IP protein, but also promotes the interaction between SLX4 and XPF-ERCC1, especially after DNA damage. Collectively, these results demonstrate a new regulatory role for SLX4IP in maintaining an efficient SLX4-XPF-ERCC1 complex in ICL repair.
INTRODUCTION
Genomic DNA is constantly challenged by various endogenous and exogenous lesions, such as interstrand crosslinks (ICLs), which are DNA lesions that covalently link two opposite DNA strands together. ICLs are highly toxic, as they can physically block DNA replication, transcription, and any other type of DNA transaction requiring the separation of DNA strands (1) (2) (3) . Chemicals that induce ICLs, such as cisplatin and mitomycin C (MMC), are widely used as anticancer chemotherapeutic agents because they are very effective in preventing tumor growth (3) (4) (5) . However, ICLs can also be induced by byproducts of cellular metabolism, such as reactive aldehydes (6, 7) . In either case, the ICLs must be removed to permit normal cellular proliferation (6) (7) (8) . Cells have developed complex processes to remove ICLs and repair the DNA.
The importance of efficient ICL repair was underscored by the finding that defective ICL repair is associated with Fanconi anemia (FA) (9) . FA is characterized by bone marrow failure, developmental abnormalities, and a high incidence of malignancies (10) (11) (12) . At least 22 FA-associated genes have been identified, and investigations into the functions of these FA gene products have provided tremendous insights into ICL repair (13) (14) (15) (16) . We now know that ICL repair is a complex process that requires the coordination of several different DNA repair pathways. It is believed that, in G1-phase cells, ICLs are recognized and repaired by nucleotide excision repair (NER) machinery and bypassed by the translesion DNA synthesis pathway (17) (18) (19) (20) (21) (22) . In S-phase cells, ICLs cause the stalling of DNA replication forks, which leads to the recruitment of FA pathway proteins (23) (24) (25) (26) . Resolution of ICLs results in the formation of DNA double-strand breaks (DSBs), which can be further repaired by the homologous recombination (HR) pathway (27) (28) (29) .
A number of nucleases, including XPF/-ERCC1, SLX4/FANCP-SLX1, MUS81-EME1 and FAN1, are thought to be involved in the ICL repair process (1, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . They are thought to act at different stages of ICL repair, such as the initial ICL unhooking, resolution of holiday junctions during HR, and/or removal of residual unhooked products. XPF-ERCC1 was first identified as a critical 3 -flap endonuclease involved in the NER pathway (40) (41) (42) . Investigators later recognized that defects in XPF-ERCC1 resulted in cell hypersensitivity to ICL-inducing agents and the persistence of ICL lesions (27, 31, 43, 44) . Thus, it was thought that XPF-ERCC1 was the critical enzyme involved in ICL unhooking and that it might also participate in the resolution of HR intermediates during the subsequent ICL repair process (27, 30, (45) (46) (47) . MUS81-EME1, another 3 -flap endonuclease, has been implicated in the conversion of ICLs to DSBs (33, 48) . However, cells in which MUS81 has been depleted exhibit only mild sensitivity to treatment with ICL-inducing agents, suggesting that MUS81 may act at a specific cell-cycle phase and/or function redundantly with other structure-specific nucleases in ICL repair (32, 48) . In addition, MUS81 is involved in the processing of stalled replication forks and HR intermediates, which can also contribute to ICL repair (49) (50) (51) . Previous studies by our group and others led to the discovery that FAN1 is an FANCD2/FANCI-associated nuclease, i.e., it is a 3 -flap structure-specific endonuclease as well as a 5 to 3 exonuclease (36) (37) (38) (39) . FAN1 deficiency results in ICL repair defects, but FAN1 can also be involved in the resolution of ICLs independent of the FA pathway (52) (53) (54) . FAN1 may have additional functions in maintaining stalled replication forks that depend on the FA pathway (55) . Besides these endonucleases, exonucleases such as SNM1A also confer resistance to ICL-inducing agents and may function with XPF-ERCC1 in unhooking ICLs (48, (56) (57) (58) .
SLX4 was first discovered as a gene exhibiting synthetic lethality with yeast Sgs1-Top3 (a homolog of human BLM-TOP3␣) (59) . SLX4 functions as a scaffold protein that associates with multiple partners, including XPF-ERCC1, MUS81-EME1, SLX1, TERF2IP-TRF2, SLX4IP, PLK1 and MSH2-MSH3 (60) (61) (62) (63) . Researchers have speculated that it acts as a mediator and brings its interacting proteins to different types of DNA lesions to facilitate DNA repair (43, 64, 65) . Therefore, SLX4 is considered the central module of the structure-specific endonucleases required for different repair processes. It has been suggested that several SLX4-associated nucleases, such as XPF-ERCC1, MUS81-EME1 and SLX1, participate in ICL repair (43, 66) . Although cells with deficiency in MUS81 or SLX1 exhibit only mild sensitivity to treatment with ICL-inducing agents, SLX4-deficient cells are hypersensitive to these agents, which may be mainly due to the association of SLX4 with XPF-ERCC1 (43, 66, 67) . The importance of SLX4 in ICL repair was further demonstrated when its mutations were identified in patients with FA (68, 69) . Thus, SLX4 is also called FANCP. Researchers confirmed the involvement of SLX4 in the FA pathway in a mouse genetic study, which demonstrated that SLX4-deleted mice had many FAassociated phenotypes (32) . However, it remains to be determined how SLX4 coordinates several endonucleases and participates in different steps of ICL repair.
SLX4IP, a SLX4-interacting protein, was discovered many years ago (60) (61) (62) (63) . However, its function in ICL repair has not yet been documented. In this study, we investigated the roles of SLX4IP in ICL repair. We showed that SLX4IP interacts with SLX4-XPF-ERCC1 complex and plays an accessory role in facilitating SLX4-XPF function in DNA repair.
MATERIALS AND METHODS

Cell culture and transfection
HEK293A and HEK293T cells were purchased from the ATCC (Manassas, VA) and maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) at 37 • C with 5% CO 2 . Transient plasmid transfections were conducted using polyethylenimine (PEI). In brief, cells were seeded into six-well plates 1 day before transfection, and 6 g of PEI and 2 g of plasmid were diluted separately in 100 l of Opti-MEM Reduced Serum Media (Life Technologies, Carlsbad, CA, USA). Diluted PEI and plasmid were mixed together and incubated at room temperature for 15 min. The mixture was then carefully added to cells.
To generate cell lines stably expressing a given protein, HEK293T cells were transfected with PEI with an expression construct. Cells were diluted into 100-mm plates 48 h after transfection and were selected with 2 g/ml of puromycin. After 10 days of selection, single colonies were picked and subjected to western blotting to determine protein expression; immunofluorescent staining was performed to determine protein localization.
Antibodies
In this study, antibodies against the following proteins were used for western blotting and/or immunostaining: SLX4 (A302-270A; Bethyl Laboratories, Montgomery, TX, USA) or an antibody developed in-house against the antigen comprising SLX4 231-460 , XPF (A301-315A; Bethyl Laboratories), MUS81 (sc-53382; Santa Cruz Biotechnology, Dallas, TX, USA), SLX1 (ab182501; Abcam, Cambridge, UK), MSH2 (2017S; Cell Signaling Technology, Danvers, MA), SLX4IP (an antibody developed in-house against the antigen comprising SLX4IP 205-408 ), ␥ H2AX (2577S; Cell Signaling Technology), Flag M2 (F3165-5MG; Sigma-Aldrich, St. Louis, MO, USA), ␣-tubulin (T6199-200UL; Sigma-Aldrich), vinculin (V9131; Sigma-Aldrich), MBP (sc-13564; Santa Cruz Biotechnology), GST (sc-138; Santa Cruz Biotechnology), ERCC1 (sc-17809; Santa Cruz Biotechnology), phospho-Chk2 (Thr68, 2661S; Cell Signaling Technology), Chk2 (2662S; Cell Signaling Technology), phospho-Chk1 (Ser345, 2348S; Cell Signaling Technology), and Chk1 (2360S; Cell Signaling Technology).
CRISPR/Cas9-mediated gene knockout
Guide RNAs (gRNAs) targeting specific genes were designed using online service tools and ligated into a BsmBIlineated LentiCRISPR v2 plasmid according to a protocol described previously (70, 71) . Correct insertion of the gRNA sequence was confirmed via sequencing. HEK293A cells were transfected with PEI and constructs as described above. Cells were then selected with puromycin for 2 days and then divided and placed in 96-well plates; 10 days later, single clones were picked up. Western blotting was used to measure the expression level of the targeted genes. Finally, Nucleic Acids Research, 2019, Vol. 47, No. 19 10183 sequencing of gRNA-targeting sites was used to verify the correct knockout (KO) of a gene.
The gRNAs used to generate KO clones in this study were (i) SLX4IP-KO gRNA: GCAAGATATGAAGATC CACG AGG; (ii) XPF-KO gRNA1: CTATATCACTCT TGGAGCGG AGG; (iii) XPF-KO gRNA2: TTGTCATC GGATGCTGCTTT CGG and (iv) MUS81-KO gRNA: TCTGAAATACGAAGCGCGTG CGG.
CRISPR/Cas9-mediated gene knock-in
We knocked CMV-OsTIR1 into the genomic AAVS1 loci by co-transfecting pMK232 (AAVS1-CMV-OsTIR1-PURO-AAVS1) with AAVS1-T2 CRISPR/Cas into HEK293A cells (72) . Polymerase chain reaction (PCR) was used to confirm the correct knock-in (KI) of CMV-OsTIR1. We designed gRNAs targeting the C-terminus of SLX4 and ligated them into a BsmBI-lineated lentiGuide-Puro (#219854; Addgene, Watertown, MA). The gRNA sequences used in this study were (i) SLX4-CKI-1: AAGG TGGAGCGGAACTGATG GGG and (ii) SLX4-CKI-2: AGAAGGTGGAGCGGAACTGA TGG.
To obtain the template plasmid, PCRs were used to obtain the homologous sequence of SLX4 from genomic DNA, the mini Auxin-inducible degron (mAID) sequence from plasmid pMK290 (# 72828; Addgene) (72) , and SFB-P2A-hygo from a plasmid in the laboratory. All PCR fragments were purified and assembled into linear pUC19 via a Gibson assembly. The template plasmid was then mutated by mutagenesis PCR at the NGG sites corresponding to the gRNA used. HEK293A AAVS-OsTIR1 cells were co-transfected with lentiGuide-Puro-gRNA and a mutated template plasmid with the help of PEI. Single colonies were picked up and analyzed by PCR and the target sites were then sequenced.
SLX4 knockdown with inducible shRNA
SLX4 shRNA sequences were inserted into a pTRIPZ lentiviral vector (Dharmacon, Lafayette, CO, USA). HEK293A cells were infected with a supernatant containing the virus and selected with 2 g/ml puromycin. To induce knockdown (KD) of SLX4 protein, we added 1 g/ml doxycycline (DOX) to cells for 48 h. ishSLX4-84: AGGAGAAAGGAAGACACAA ishSLX4-85: TGGAGCTAGAACAAACCAA
Colony formation assay
A day before treatment, HEK293A cells were seeded into 60-mm plates (200 cells/plate). Cells were exposed to ionizing (IR) or ultraviolet (UV) radiation or were treated with increasing concentrations of DNA damage-inducing agents (MMC and camptothecin [CPT]) for 24 h. Cells were washed to remove the drugs and incubated for 10 more days before being stained with a crystal violet solution for visualization of colonies. Colonies of more than 50 cells were counted.
CellTiter-Glo assay
Cells were diluted in DMEM containing 10% FCS at a concentration of 10 4 cells/ml, and 100 l (1000 cells) of the di-luted cells was seeded into 96-well plates. After 24 h, 20 l of serially diluted concentrations of MMC, or CPT was added to the cells. Cells were then incubated for 3 days before being analyzed using CellTiter-Glo (G7572; Promega, Madison, WI) reagents. For CellTiter-Glo analysis, cell culture media were removed from 96-well plates and CellTiter-Glo reagents were added to the wells to induce cell lysis. After incubation at room temperature for 15 min, cell lysates were transferred into opaque-walled, 96-well plates and subjected to luminescence detection using a BioTek Synergy™ 2 Multi-Mode Microplate Reader.
Cell lysis and immunoprecipitation
Cells were lysed with ice-cold NETN lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM sodium chloride [NaCl], 0.4% NP-40, 1 mM EDTA), and protease inhibitor cocktail (Roche, Basel, Switzerland) for 30 min on ice. Cell lysates were centrifuged at 13 200 rpm for 10 min in a cold room. Supernatants were subjected to immunoprecipitation (IP) with S beads or protein A/G beads conjugated with anti-SLX4. All IPs were conducted in a cold room for 2 h.
Tandem affinity purification (TAP) and mass spectrometry analysis of SLX4-and SLX4IP-interacting proteins
To identify SLX4-and SLX4IP-interacting proteins, HEK293T cells stably expressing S protein, 2 × Flag, and streptavidin-binding peptide (SFB)-tagged SLX4 or SLX4IP were seeded into 150-mm plates. Four plates of nearly 100% confluent cells were used for each purification. For treatment with MMC, 100 ng/ml of MMC was added into the cell culture media 24 h before cell collection. Cells were then scratched down and collected via centrifugation. Next, the cells were lysed with ice-cold NETN lysis buffer with rotation for 30 min in a cold room. Cell lysis was clarified at 13 000 rpm for 30 min at 4 • C. Supernatants from centrifugation were mixed with 200 l of pre-equilibrated streptavidin beads for 2 h in a cold room. After being washed with NETN lysis buffer three times, 2 mg/ml of biotin was used to elute all of the binding proteins from the beads. The biotin-eluted samples were mixed with 50 l of pre-equilibrated S beads for 2 h in a cold room. S beads were washed with NETN lysis buffer for three times and boiled at 95 • C for 10 min in 2× Laemmli buffer.
For mass spectrometry (MS) analysis, a standard procedure was used as previously reported (73, 74) . In general, the boiled samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and stained with Coomassie Blue. The gel was excised into pieces. Sliced gels were completely destained in tubes before being digested into peptides with trypsin. Digested peptides were extracted with acetonitrile and dried by vacuum. Dried samples were resolved with a solution of 5% methanol and 0.1% formic acid and subjected to nanoscale liquid chromatography coupled with tandem mass spectrometry (nanoLC-MS/MS) analysis with an EASY-nLC 1000 liquid chromatography system (Thermo Fisher Scientific, Waltham, MA, USA). The resolved samples were separated on nanoscale reverse-phase, high-performance liquid chromatography (HPLC) that was prepared by packing Reprosil-Pur Basic C18 silica into a fused silica capillary (100-m inner diameter × ∼20-cm length) with a flamedrawn tip, with a 75-min discontinuous gradient of 4-26% acetonitrile/0.1% formic acid at a flow rate of 800 nl/min. Separated sample fractions were electro-sprayed into a Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific). For nanoLC-MS/MS analysis, the mass spectrometer was set to data-dependent mode, and the precursor MS spectrum was scanned at 375-1300 m/z with 140k resolution at 400 m/z (3 × 10 6 AGC target). The MS/MS resolution was 17 500. The 35 strongest ions were fragmented via collision-induced dissociation with a normalized collision energy of 27, a 3.0 m/z isolation width with a dynamic exclusion time of 30 s, 2 × 10 4 AGC target, and 60 ms of maximum injection time.
For the MS data analysis, raw data were searched in Proteome Discoverer 1.4 (Thermo Fisher Scientific) using Mascot algorithm 2.4 (Matrix Science, Boston, MA, USA). The Human UniProt FASTA database (October 2015) that containing 70 097 entries was searched. Acetylation of protein N-terminus and oxidation of methionine were set as variable modification. The precursor mass tolerance was set within 20 ppm with a fragment mass tolerance of 0.02 Da, and a maximum of two missed cleavages were allowed. Assigned peptides were filtered with a 1% false discovery rate using percolator validation. Further protein-protein interaction analysis was processed using a previously described two-step method (74, 75) . Briefly, CRAPome methodology was firstly used to assess the identified proteins and corresponding peptide spectrum matches (PSMs). Next, tandem affinity purification (TAP)-MS data for randomly selected baits were selected as negative controls and protein enrichment after TAP-MS was compared with HEK293T wholecell lysis. Proteins with enrichment above the average fold enrichment after TAP-MS were considered high-confidence candidate interacting proteins (HCIP).
Analysis of protein localization to UV laser-induced sites of DNA damage
In brief, cells were seeded into 35-mm, glass-bottomed dishes. The next day, UV laser-induced damage of cells was conducted under a Nikon (Tokyo, Japan) TE200 inverted microscope coupled with a 365-nm UV laser MicroPoint system. After irradiation, cells were immediately fixed with 3% paraformaldehyde and processed for immunostaining.
Cell-cycle analysis using flow cytometry
To analyze the effects of treatment on cell cycle distribution, we seeded 10 6 of HEK293A-WT, SLX4IP-KO, and XPF-KO cells as well as cells from other cell lines as indicated into 100-mm plates. The next day, 10 or 20 ng/ml MMC was added to cells for 6, 12, 24 or 48 h. Next, cells were trypsinized, washed with phosphate-buffered saline (PBS), and fixed in 70% ethanol. After fixation, cells were washed with PBS and stained with a propidium iodide staining solution (50 g/ml propidium iodide and 100 g/ml RNase A) at 37 • C for at least 30 min. Cell-cycle analysis was performed using a Gallios Flow Cytometer system (Beckman Coulter, Brea, CA, USA).
Immunofluorescence staining
HEK293A-WT, SLX4IP-KO, XPF-KO and MUS81-KO cells were grown on coverslips and were exposed to 0.5 g/ml MMC for 1 h and allowed to recover after removal of the drug. The cells were then washed with PBS and fixed in 3% paraformaldehyde at room temperature for 10 min. Cells were permeabilized with 0.5% Triton X-100 for 5 min and incubated overnight with a corresponding primary antibody solution with 3% bovine serum albumin and 0.1% Triton X-100. Following three washes with PBS, cells were incubated with fluorescein isothiocyanate-or rhodamineconjugated secondary antibodies. Finally, cells were washed with PBS and coverslips were mounted using ProLong Diamond Antifade Mountant with DAPI (P36971; Thermo Fisher Scientific). Images were obtained under a Nikon 90i microscope.
Gel filtration
For our gel filtration experiment, HEK293A-wild-type (WT) and SLX4IP-KO cells were mock-treated, treated with 1 m MMC for 24 h, or irradiated with 100 J/m 2 UV and released for 4 h. 2.5 × 10 7 cells were lysed in 1 ml buffer containing 50 mM Tris-HCl 7.4, 1 mM EDTA, 0.15 M sodium chloride, 0.1% (v/v) 2-mercaptoethanol, 1% NP-40, 750 units of TurboNuclease (Biovision, Milpitas, CA, #9207), and protease inhibitor cocktail for 30 min on ice. Cell lysates were centrifuged at 13,200 rpm for 30 min in a cold room and the supernatant was filtered through a 0.22 m filter and loaded into a Superdex 200 10/300 GL preparative-grade column (GE Healthcare, Chicago, IL) using the same buffer used for lysis. The flow rate was 0.25 ml/min. 96 fractions were collected in volumes of 200 l. Fractions as indicated were analyzed with antibodies against SLX4, XPF, MUS81 and SLX4IP.
Whole-cell extract and chromatin extract preparation
For preparation of whole-cell extract, cells were collected, washed with PBS, and boiled at 95 • C for 10 min in 1× Laemmli buffer. For preparation of chromatin extract, cells were lysed with ice-cold NETN lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.4% NP-40, 1 mM EDTA) and protease inhibitor cocktail for 10 min on ice. Cell lysates were centrifuged at 13 200 rpm for 10 min in a cold room. Pellets were washed with NETN lysis buffer two more times and boiled at 95 • C for 10 min in 1× Laemmli buffer.
Modified alkaline comet assay
To detect the unhooking of ICL lesions, HEK293A-WT, XPF-KO and SLX4IP-KO cells were treated with 1 m MMC for 1 h. Cells were washed and incubated in fresh medium for 9, 12, 24 or 48 h. The unhooking of ICL lesions was detected via a modified alkaline comet assay (76) . In brief, cells were digested with trypsin and diluted to a density of 2.5 × 10 4 cells/ml. Diluted cells were transferred into 24-well plates and irradiated with 8 Gy of Xirradiation while on ice. Next, 500 l of irradiated cells or unirradiated control cells were mixed with 1 ml of 1% (wt/vol) low-gelling-temperature agarose (A4018; Sigma-Aldrich) and spread over slides precoated with 1% (wt/vol) agarose LE (Thomas Scientific, Swedesboro, NJ, USA). After the agarose solidified, slides were placed into ice-cold lysis buffer (100 mM disodium EDTA, 2.5 M NaCl, 10 mM Tris-HCl, pH 10.5) containing 1% Triton X-100 and were incubated on ice for 1 h in the dark. Slides were then washed three times with ice-cold water for 15 min and were transferred into an electrophoresis tank containing ice-cold alkaline solution (50 mM NaOH, 1 mM disodium EDTA, pH 12.5). After 45 min incubation in the dark, slides were subjected to electrophoresis at 18 V for 25 min. After electrophoresis, slides were carefully removed and neutralized with 0.5 M Tris-HCl (pH 7.5) for 10 min and then were washed with PBS for 10 min. Slides were dried overnight and stained with 2.5 g/ml propidium iodide solution on the second day. Comet assay results were analyzed using a Nikon 90i microscope at ×20 magnification. At least 50 cells were analyzed for each sample by using the OpenComet plug-in in ImageJ. The degree of DNA interstand crosslinking was defined as the percentage decrease in olive tail movement and calculated by the formula:
where TMdi = tail movement of MMC-treated irradiated samples; TMcu = tail movement of untreated, unirradiated controls; and TMci = tail movement of untreated irradiated controls.
Statistical analysis
All the experiments, such as the fluorescence-activated cell sorting, comet assay, and immunofluorescence staining experiments, were performed at least three times. Differences between groups were analyzed using Student's t-tests. P values <0.05 were considered statistically significant.
RESULTS
SLX4-interacting proteins are identified by Tandem affinity purification (TAP)
As described above, SLX4 functions as a platform for recruiting its coordinated proteins to different sites of DNA damage. However, how DNA damage regulates the recruitment of SLX4 and its function at distinct DNA damage sites, especially at ICLs, has yet to be fully elucidated. To explore the specific regulation of SLX4 recruitment and its function in DNA damage repair, we initiated this study by identifying SLX4-interacting proteins before and after DNA damage. We fused S protein, 2× Flag, and streptavidin-binding peptide (SFB tags to the C-terminus of SLX4 and generated stable HEK293T-derivative cell lines expressing these fusion proteins in a manner similar to that done in our previous studies (77, 78) . We performed TAP with streptavidin and S beads and analyzed SLX4 coprecipitated proteins using MS ( Figure 1A ). As expected, we successfully recovered several reported SLX4-interacting proteins at the top of our HCIP list, including XPF-ERCC1, PLK1, MSH2, SLX1A, TERF2-TERF2IP, SLX4IP and MUS81 ( Figure 1B ; Supplemental Table S1 ). Meanwhile, we also fused SFB tags to the N-terminus of SLX4 and performed TAP-MS experiments similar to those performed for the C-terminus tag. In the N-terminus SFB-SLX4 purification, some of the reported SLX4-interacting proteins, including PLK1, SLX1A, TERF2 and MUS81, did not exhibit strong interaction with SLX4 (Supplemental Figure  S1 ). It has been reported that these proteins interact with the C-terminus or the middle region of SLX4; for example, SLX1 interacts with SLX4 residues 1751-1811 and MUS81 with SLX4 residues 1540-1623 (60) (61) (62) (63) . We suspected that N-terminal-tagged SLX4 might not be stable during purification and that it might lose its C-terminus-interacting proteins. Additionally, we identified PGAM5, RTEL1, TOPBP1 and KEAP1 as potential SLX4-interacting proteins. RTEL1 is an ATP-dependent DNA helicase implicated in counteracting SLX4 for the maintenance of telomere length (79) (80) (81) ; the roles of PGAM5, TOPBP1 and KEAP1 in SLX4-mediated functions have yet to be determined.
To identify ICL-related, SLX4-interacting proteins, we treated HEK293T cells stably expressing SLX4-SFB with 100 ng/ml of MMC before TAP-MS. We did not observe any obvious enhanced interactions between SLX4 and several reported SLX4-interacting proteins, such as XPF-ERCC1, MUS81-EME1, SLX1A and SLX4IP, following MMC exposure. One explanation is that the TAP protocol obscured any subtle differences that might have occurred following DNA damage. Nevertheless, these results demonstrated that the associations of these proteins with SLX4 do not change dramatically before or after DNA damage. Among these proteins, SLX4IP binds strongly to SLX4 and appears to be a constitutive member of the SLX4 complexes. SLX4IP (also called C20orf94) was first identified as part of the SLX4 complexes (60) (61) (62) (63) . The relationship between SLX4IP and SLX4 complexes and the roles of SLX4IP in DNA repair have yet to be explored and are the foci of this study.
SLX4IP is involved in ICL repair
To investigate the functions of SLX4IP in SLX4 complexes, we generated SLX4IP-KO cells and other repair gene-KO cells using CRISPR/Cas9 gene editing technology (Supplemental Figure S2A ) and determined the sensitivity of these KO cells to treatment with different DNA-damaging agents. We failed to create HEK293A cells with complete XPF-KO. However, we obtained an XPF-KO cell line in which one allele has a frameshift mutation and stops at codon (residue) 431 and the other allele has a deletion of 32 residues (from residue 405 to residue 436). The XPF expression level in this cell line is extremely low and barely detectable. We decided to use this XPF-KO cell line (clone #12) for subsequent experiments. As shown in Figure 2A , SLX4IP-KO cells were highly sensitive to treatment with the ICL-inducing agent MMC but not to that with UV radiation, IR, or CPT in clonogenic assays. These results strongly suggested that SLX4IP mainly functions in ICL repair. Because SLX4 coordinates at least two nucleases (XPF-ERCC1 and MUS81-EME1) in ICL repair, we further compared the sensitivities of SLX4IP-KO, XPF-KO, and MUS81-KO cells to treat- ment with MMC. Specifically, we treated these KO cells with MMC at a series of concentrations for 3 days and monitored cell viability using a CellTiter-Glo luminescent assay. In this assay, SLX4IP-KO cells exhibited moderate sensitivity to MMC, with about a twofold lower half-maximal inhibitory concentration (IC 50 ) than that seen in WT cells (Supplemental Figure S2B ). Reconstitution of SLX4IP-KO cells with the SLX4IP-SFB construct fully rescued this phenotype (Supplemental Figure S2B ). In addition, whereas XPF-KO cells were hypersensitive to MMC, MUS81-KO cells were only slightly sensitive to it (Supplemental Figure  S2C ). However, MUS81-KO cells exhibited hypersensitivity to treatment with CPT, whereas SLX4IP-KO and XPF-KO cells did not (Supplemental Figure S2D ).
We next examined other hallmarks of defective ICL repair in SLX4IP-KO cells. The presence of DNA damage in a cell triggers a complex DNA damage response, resulting in activation of the DNA damage checkpoint and leading to cell-cycle arrest. Because cells from FA patients accumulate in G2/M phase after exposure to low doses of ICLinducing agents (82, 83) , we treated SLX4IP-KO, XPF-KO, and MUS81-KO cells with 10 or 20 ng/ml MMC for 24 h and determined the cell-cycle distributions (Figure 2B and C). As expected, WT cells nearly bypassed the G2/M arrest induced by treatment with low doses of MMC. Positive control XPF-KO cells exhibited dramatic accumulation of cells in the G2/M phase after MMC-based treatment. We also observed significant accumulation of SLX4IP-KO cells in the G2/M phase, demonstrating that these cells are defective in ICL repair. On the other hand, MUS81-KO cells did not undergo obvious G2/M arrest after MMC-based treatment. These results are consistent with those of DNAdamage sensitivity assays and support a role for SLX4IP in ICL repair.
We next employed a UV laser-induced damage system to investigate the recruitment of SLX4IP to sites of DNA damage. UV laser-induced stripes formed on exogenously expressed SLX4IP after damage, just like SLX4 ( Figure 2D ). Taken together, these data suggested that SLX4IP is involved in ICL repair.
The interaction between SLX4IP and SLX4 is coordinated with XPF
To reveal the underlying mechanism of the involvement of SLX4IP in ICL repair, we tagged SFB to the C-terminus of SLX4IP and performed TAP-MS as described above. We found SLX4 and XPF-ERCC1 at the top of the list of SLX4IP-binding proteins ( Figure 3A ; Supplemental Table S1). We also identified other reported SLX4-interacting proteins, such as MUS81, PLK1, and MSH2, but only limited numbers of peptides were found ( Supplemental  Table S1 ). Meanwhile, we identified some other potential SLX4IP-interacting proteins, such as PASK, AJUBA, LRP4 and TRIM26, although no studies have demonstrated that they participate in DNA repair. SLX4 and XPF-ERCC1 are the major SLX4IP-interacting proteins, with or without MMC-based treatment ( Figure 3A) . Studies have demonstrated that SLX4 coordinates with XPF-ERCC1 and participates in the unhooking of ICLs during the repair process (31, 43, 67, 84) . The binding of SLX4IP to both SLX4 and XPF-ERCC1 inspired us to further investigate whether SLX4IP plays a role in regulating SLX4-XPF-ERCC1 interaction. We first examined the interaction between SLX4 and SLX4IP in HEK293A cells. We generated a series of SLX4 deletion mutants based on SLX4's known interaction domain or functional motif. We found that deletion of the MEI9 XPF interaction like region (MLR) of SLX4 (residues 409-555), which is considered the binding site for XPF-ERCC1 (84, 85) , abolished its interaction with SLX4IP (Figure 3B ). We generated further small-deletion mutants in the MLR domain and found that deletion of residues 501-555 of SLX4 not only abolished its interaction with XPF but also impaired its interaction with SLX4IP (Supplemental Figure S3A ). Meanwhile, these SLX4 deletion mutants could still bind to MUS81 and SLX1 ( Supplemental Figure S3B) . We also examined the four-point SLX4 mutation SLX4 L530A, F545A, Y546A, L550A , which has been shown to be defective in its binding to XPF , and observed that this mutant also had a significant reduction in its binding to both XPF and SLX4IP, although it still had some residual in-teraction with SLX4IP ( Figure 3C ). Collectively, these data strongly suggested that the binding of XPF and SLX4IP to SLX4 are coordinated. We envisioned at least three possibilities to explain these interactions: (i) SLX4IP may bridge the interaction between SLX4 and XPF, (ii) XPF may bridge the interaction between SLX4 and SLX4IP and (iii) SLX4IP may bind to the SLX4-XPF-ERCC1 complex.
The conserved N-terminus of SLX4IP is responsible for its interaction with SLX4-XPF-ERCC1
To test the possibility that SLX4IP bridges the interaction between SLX4 and XPF-ERCC1, we monitored the interaction sites on SLX4IP for SLX4 or XPF. We generated a series of SLX4IP deletion mutants based on its predicted secondary structures ( Figure 4A ) and examined the mutant's interactions with SLX4 and XPF-ERCC1. Deletion of residues 1-27, 28-67 and 68-140 of SLX4IP abolished the interaction of SLX4IP with SLX4 but also impaired SLX4IP's interaction with XPF-ERCC1 ( Figure 4A ). Because SLX4IP is a relatively small protein (45 kDa), we reasoned that disruption of any part of its N-terminus may disrupt the structure of the N-terminus and potentially affect SLX4IP's binding to its associated proteins.
We then asked whether we could identify any point mutations that could differentiate the interactions between SLX4IP and SLX4 or XPF-ERCC1. Because SLX4IP is conserved in organisms ranging from Xenopus to humans, especially at its N-terminus ( Figure 4B ), we generated a number of point mutations in these conserved amino acids and examined the ability of the mutants to interact with SLX4 and/or XPF-ERCC1. Notably, we found that fourpoint mutants, L16K/V17K, W32A/F33A, K91R92A and V115K/V116K, were defective in binding to both SLX4 and XPF-ERCC1 ( Figure 4C) .
The inability to separate the interaction of SLX4IP with SLX4 from its interaction with XPF suggests that it is unlikely that SLX4IP would bridge the interaction between SLX4 and XPF-ERCC1. Thus, we directly tested the interaction between SLX4 and XPF in SLX4IP-KO cells. We first used anti-SLX4 serum to immunoprecipitate endogenous SLX4 from cells and found that the absence of SLX4IP did not abolish the interaction between SLX4 and XPF-ERCC1 ( Figure 4D) . Similarly, we used overexpressed, SFB-tagged XPF and found that XPF was able to bind to SLX4 in the absence of SLX4IP ( Figure 4E ). When we used ImageJ to quantify Western blots from five experiments detecting the relative interaction between XPF and SLX4 in WT control and SLX4IP-KO cells, we found no significant change in SLX4-XPF interaction in the SLX4IP-KO cells ( Figure 4F) , although there was a trend toward a reduction in this interaction. Therefore, we conclude that SLX4IP is not essential for the interaction between SLX4 and XPF-ERCC1.
XPF's helicase-like domain is responsible for its interaction with SLX4 and SLX4IP
Next, we tested the possibility that XPF may bridge the interaction between SLX4 and SLX4IP. We overexpressed SFB-tagged SLX4IP in XPF-KO cells and found that the interaction between SLX4 and SLX4IP was dramatically impaired in these KO cells ( Figure 5A ). These data suggest that, while XPF may not bridge the interaction between SLX4 and SLX4IP, it is nevertheless important for this interaction. We also performed IP of endogenous SLX4 using anti-SLX4 serum in WT and XPF-KO cells and showed that, without XPF, the interaction between SLX4 and SLX4IP was greatly diminished or abolished (Supplemental Figure S3C ). However, the caveat is that endogenous SLX4IP expression level was greatly reduced in XPF-KO cells (Supplemental Figure S3C) .
We again attempted to identify XPF mutants that can separate the interactions of XPF with SLX4 or SLX4IP. We generated a series of XPF deletion mutants and monitored their interactions with SLX4 and SLX4IP ( Figure 5B ). We co-transfected cells with constructs encoding GFP-tagged SLX4 or SLX4IP and SFB-tagged WT or XPF mutants ( Figure 5C and D) . We found that deletion of any part of the N-terminus of XPF's helicase-like domain (HLD) simultaneously impaired its interaction with SLX4 and SLX4IP ( Figure 5C and D) .
Previous studies have shown that XPF mutations can cause various human diseases, such as progeria, Cockayne syndrome, and/or FA (86) (87) (88) (89) . Accordingly, we generated several disease-associated XPF point mutations and examined their interactions with SLX4 and SLX4IP. We observed decreased interaction of XPF R153P or XPF L230P mutants with both SLX4 and SLX4IP, but not that of XPF R689S or other XPF mutants ( Figure 5C and D; Supplemental Figure S3D ). The XPF R153P and XPF L230P mutations are mapped to XPF's HLD, which is mainly responsible for mediating protein-protein interactions, while the XPF R689S mutation is located in the nuclease domain of XPF. The XPF R153P mutation was found in a patient who was diagnosed with an extreme progeroid syndrome and with both NER and ICL repair defects with cellular sensitivity to UV and ICLs (90) . XPF L230P and XPF R689S mutations were identified in FA patients (89) . We reconstituted XPF-KO cells with WT or mutant XPF (XPF R153P , XPF L230P or XPF R689S ) and examined WT or mutant XPF's ability to rescue MMC sensitivity in XPF-KO cells. Whereas XPF-WT fully rescued MMC sensitivity, XPF R153P , XPF L230P or XPF R689S only partially suppressed MMC sensitivity (Supplemental Figure S3E ). We reasoned that the inability of XPF R153P and XPF L230P mutants to interact with SLX4 and SLX4IP may be responsible, at least in part, for their defects in ICL repair. The XPF R689S mutant was able to interact with SLX4 and SLX4IP. However, this mutation is located within the XPF nuclease domain, suggesting that the enzymatic function of XPF is important for ICL repair. Taken together, these data revealed that, while XPF is important for the interaction between SLX4 and SLX4IP, it does not act as a protein that bridges the SLX4-SLX4IP interaction. Instead, XPF, SLX4 and SLX4IP interactions appear to be coordinated ( Figure 5E ).
The stability of SLX4IP depends on its binding to the SLX4-XPF-ERCC1 complex
The data described above showed that, whereas SLX4IP is not essential for the interaction between SLX4 and XPF- ERCC1, loss of XPF significantly reduced the binding between SLX4 and SLX4IP. We therefore asked what would happen to the interaction between XPF and SLX4IP in the absence of SLX4. We used auxin to induce the degradation of endogenously expressed SLX4-mAID-SFB in HEK293A cells. In this system, we firstly introduced a construct encoding the auxin-responsive F-box protein TIR1 from Oryza sativa (OsTIR1) into the genomic AAVS1 locus (72) . We then tagged endogenous SLX4 with mAID using a CRISPR/Cas9-mediated HR approach (Supplemental Figure S4A) . We confirmed single clones with insertions at both alleles using genomic PCR and sequencing (Supplemental Figure S4B ). We induced degradation of SLX4 protein by adding auxin to cell culture media, and we checked SLX4 protein expression with Western blotting ( Figure 5F ). We then infected SLX4-mAID-SFB cells with a virus encoding for HA-SLX4IP and obtained cells stably expressing HA-SLX4IP. We immunoprecipitated SLX4IP with hemagglutinin (HA) beads before and after induction of SLX4 protein degradation. Of note, induction of SLX4 downregulation led to a reduction in SLX4IP protein expression, but not of XPF protein expression ( Figure 5G ). Although the SLX4IP protein level decreased, the residual HA-SLX4IP could still interact with XPF ( Figure 5G ). We could not draw any reliable conclusion about SLX4IP-XPF interaction based on these experiments because we could not completely abolish SLX4 expression using this auxin-inducible system. However, the results described above ( Figure 5G ) suggested that the SLX4IP protein level may depend on SLX4. We further confirmed these results by KD SLX4 protein expression via inducible shRNAs targeting SLX4. We found that SLX4IP protein expression was dramatically decreased upon induction of SLX4 KD, while the levels of XPF and MUS81 were not changed in these SLX4-KD cells ( Figure 5H ).
We also found that, in XPF-KO cells, the expression level of SLX4IP protein also decreased dramatically ( Figure 5I ). It is known that depletion of XPF causes significant reduction of its heterodimer partner, ERCC1 (85, 91) . Indeed, we observed the same extent of reduction of SLX4IP and ERCC1 protein levels in XPF-KO cells. With reintroduction of XPF into these KO cells, the expression level of SLX4IP protein and the interaction of SLX4IP with SLX4 were recovered (Supplemental Figure S4C) . These data further confirmed the formation of a stable SLX4IP-SLX4-XPF-ERCC1 complex and suggested that binding to the SLX4-XPF-ERCC1 complex helps stabilize SLX4IP protein. On the other hand, we did not observe any change of SLX4IP expression level in MUS81-KO cells (Supplemental Figure S4D) .
Meanwhile, the chromatin binding of residual SLX4IP also decreased in XPF-KO and SLX4 KD cells, which we determined by comparing the ratio of SLX4IP in KO/KD cells to WT in whole-cell extracts versus those in chromatin extracts ( Figure 5H and Supplemental Figure S4D ). These data suggest that the binding of SLX4IP to chromatin also depends on SLX4 and XPF. We also observed that the amount of XPF and MUS81 binding to chromatin decreased considerably in the absence of SLX4 ( Figure 5H) , which demonstrated the important role of SLX4 in mediating the functions of these proteins on chromatin DNA.
Reduction of SLX4IP protein expression in XPF-deficient cells is partially responsible for the hypersensitivity of these cells to treatment with MMC
The above experiments demonstrated that SLX4IP forms a stable complex with SLX4-XPF-ERCC1. To determine whether the function of SLX4IP is closely associated with that of XPF, we generated XPF/SLX4IP-double knockout (DKO) cells and examined the epistatic relationship between SLX4IP and XPF. We found that XPF/SLX4IP-DKO cells were slightly more sensitive to treatment with MMC than XPF-KO cells ( Figure 6A and Supplemental Figure S5A ). Also, XPF/SLX4IP-DKO cells grew much more slowly than WT, XPF-KO or SLX4IP-KO cells (Supplemental Figure S5B ). Because the expression level of SLX4IP is already reduced to a relatively low level in XPF-KO cells, the effects of further deletion of SLX4IP may be due to an XPF-independent function of SLX4IP or to further reduction of residual XPF activity that depends on SLX4IP. We did not observe any increased sensitivity of XPF/SLX4IP-DKO cells to treatment with CPT (Supplemental Figure S5C ), demonstrating that SLX4IP's function may not be important for other repair pathways.
Next, we examined whether the increased sensitivity to treatment with MMC and growth defects observed in XPF/SLX4IP-DKO cells are due to further reduction of SLX4IP protein expression. When we reintroduced XPF into XPF/SLX4IP-DKO cells, the MMC sensitivity of these reconstituted cells was comparable with that of SLX4IP-KO cells, as expected (IC 50 of 28.43 compared with 30.9 in SLX4IP-KO cells) ( Figure 6A ). However, when we reintroduced SLX4IP into XPF/SLX4IP-DKO cells, the MMC IC 50 in these cells increased to 21.47, which was much higher than that in XPF-KO cells (3.999) ( Figure  6A ). We further confirmed this observation by introducing SLX4IP into XPF-KO cells and also observed a reduction in MMC sensitivity in them (Supplemental Figure S5D ). We suspected that MMC hypersensitivity in XPF-KO cells may partially result from the reduction of SLX4IP protein expression and that overexpression of SLX4IP somehow restores the ICL repair efficiency of these cells.
We also examined the epistatic relationship between SLX4IP and MUS81 by generating SLX4IP/MUS81-DKO cells. Although MUS81-KO cells were hypersensitive to treatment with CPT, they were not very sensitive to treatment with MMC (Supplemental Figure S2C and D) . SLX4IP/MUS81-DKO cells exhibited slightly increased MMC sensitivity ( Figure 6B ), which can be explained by the fact that they function in two different pathways. Similarly, XPF/MUS81-DKO cells had only very modest increases in their sensitivity to treatment with MMC ( Figure  6C ). Of note, XPF/MUS81-DKO and SLX4IP/MUS81-DKO cells exhibited a slight reduction, not an increase, in CPT sensitivity compared to MUS81-KO cells (Figure 6D) , which indicates that XPF and SLX4IP are likely to act very differently from MUS81 in CPT-based damage repair. We also treated these KO cells with 20 ng/ml MMC and determined the cell-cycle distributions at different time points (Supplemental Figure S6A based treatment for 48 h (Supplemental Figure S6B ). However, we did not observe any statistically significant differences in these DKO cells compared to XPF-KO cells or in SLX4IP/MUS81-DKO cells compared to SLX4IP-KO cells (Supplemental Figure S6B ).
SLX4IP promotes the interaction between SLX4 and XPF-ERCC1
We observed ICL repair defects in SLX4IP-KO cells and hypersensitivity of XPF-KO cells to treatment with MMC, which may be due in part to the reduction of SLX4IP expression in these cells. We next sought to reveal the mechanism of ICL repair defects in SLX4IP-KO cells. Previous studies have revealed that cells have two pools of XPF-ERCC1: one is co-eluted with SLX4, and the other is eluted at a lower molecular weight (61, 92) . We performed gel filtration experiments using HEK293A whole-cell extract prepared under normal conditions or after MMC and UV radiation treatment and confirmed the co-elution of SLX4IP with SLX4, XPF, and MUS81 in the higher molecular weight fractions ( Figure 7A ). Of note, we found a slight decrease in the amount of XPF co-eluted with SLX4 in SLX4IP-KO cells, as well as a corresponding increase in the amount of XPF in lower molecular weight fractions, after treatment with MMC ( Figure 7A In our XPF-KO cells, the level of expression of the truncated form of XPF was very low (Supplemental Figure  S8A) , and we usually could not detect its interaction with SLX4 ( Figure 7B, lane 3) . However, when we overexpressed SLX4IP in XPF-KO cells, the interaction between the truncated form of XPF and SLX4 increased ( Figure 7B, lanes  7 and 8) . This was not due to a change in the expression level of this truncated XPF (Supplemental Figure S8A ). The increased interaction of SLX4 with the truncated mutant of XPF may explain why reconstitution of XPF/SLX4IP-DKO and XPF-KO cells with SLX4IP strongly suppressed the MMC sensitivity in these cells ( Figure 6A and Supplemental Figure S5D ); in other words, SLX4IP promoted the interaction between SLX4 and truncated XPF. To further confirm SLX4IP's ability to promote interaction between SLX4 and XPF, we purified GFP-SLX4 293-638 , GST-XPF 1-655 , and MBP-SLX4IP 1-300 from Escherichia coli. We loaded GFP-SLX4 into beads and added XPF, together with an increasing amount of SLX4IP protein. We found that, with increased addition of SLX4IP protein, the interaction between SLX4 and XPF also increased (Supplemental Figure S8B ). Although we observed some nonspecific binding of SLX4IP protein to the beads, the binding did not induce an increase in binding of XPF to GFP (the control) (Supplemental Figure S8B ). When repeated these experiments with the inclusion of another negative control--i.e., purified MBP-SLX4IP 205-408 , which does not interact with SLX4 and XPF--we obtained the same results ( Figure 7C ). We also tried to monitor the interaction between SLX4 and XPF in SLX4IP-KO cells under normal and DNA damage conditions but failed to detect obvious changes (Supple-mental Figure S8C and S8D). We reasoned that the technical limitations of our immunoprecipitation experiments may have prevented the detection of any subtle changes.
Loss of SLX4IP reduces ICL repair efficiency in vivo
Based on the results above, we hypothesized that, whereas a fraction of XPF proteins always form a complex with SLX4 under normal conditions, this interaction must be further enhanced or stabilized for SLX4-coordinated XPF function after DNA damage. SLX4IP may stabilize the interaction between SLX4 and XPF to achieve a highly efficient SLX4-XPF complex for ICL repair. Therefore, SLX4IP may act as a unique ICL repair factor that assists the XPF-SLX4/ICL pathway following DNA damage ( Figure 8A ). To test our hypothesis, we monitored the ICL repair process in SLX4IP-KO cells in vivo. We performed a modified comet assay to measure the unhooking process of ICL (76) . We found that, after cells had been treated with 0.5 g/ml of MMC for 1 h and released for 48 h, ICLs formed in WT cells were nearly fully unhooked, whereas some ICLs remained in XPF-KO and SLX4IP-KO cells ( Figure 8B ). These data suggest that, as was the case with the loss of XPF, the loss of SLX4IP reduced unhooking efficiency.
ICLs induce complex DNA damage responses in cells. A replication fork stalls when encountering an ICL, since it cannot unwind double-stranded DNA in the ICL's presence. This stalled replication fork may activate a replication stress-induced checkpoint. Additionally, several steps in the processing of an ICL can potentially produce DSBs (3, 25) . For example, if a replication fork is encountered during nuclease-mediated unhooking of an ICL, the replication fork may collapse and cause DSBs. Alternatively, stalled replication forks may regress into 'chicken foot' structures with double-stranded ends (93) . Replicationassociated DSBs may not only activate the ATR-CHK1 pathway, but also activate the ATM-CHK2 pathway. We thus examined several established DNA-damage response markers and found that, after MMC-based treatment at either (i) 0.5 g/ml for 1 h and release for 24 h or (ii) 0.1 g/ml for 24 h, the levels of ␥ H2AX, P-Chk2 (T68), and P-Chk1 (S345) increased in SLX4IP-KO cells ( Figure 8C ), indicating persistent DNA damage and delayed DNA repair without SLX4IP. After treating cells with 0.5 g/ml MMC for 1 h and releasing them at different time points, we further detected ␥ H2AX foci and confirmed delayed repair in SLX4IP-KO cells compared with WT cells ( Figure  8D ). These results further demonstrate that SLX4IP is important for efficient ICL repair in vivo.
DISCUSSION
SLX4 is a multi-domain protein that functions as a platform for recruiting other proteins to various sites of DNA damage to facilitate DNA repair. SLX4-coordinated protein complexes are reported to participate in ICL repair, HR, and telomere-length maintenance (63) (64) (65) 80, 94, 95) . In the present study, we demonstrated the regulatory roles of SLX4IP in SLX4-containing protein complexes. We observed binding of SLX4IP to both SLX4 and XPF-ERCC1 and showed that these interactions are highly coordinated;
Nucleic Acids Research, 2019, Vol. 47, No. 19 The same amount of GFP or GFP-SLX4 293-638 was mixed with GFP beads. After rotation in a cold room for 1 h, protein-bound beads were washed with NETN lysis buffer. The indicated amounts of XPF and/or SLX4IP were mixed with NETN lysis buffer to the same volume, and the mixture was allowed to bind to protein bound on GFP beads. After mixing in a cold room for 1 h, beads were thoroughly washed and boiled at 95 • C in Laemmli buffer. GFP and GFP-SLX4 293-638 were detected using Coomassie Blue staining. XPF was detected using an anti-GST antibody, and SLX4IP was detected using an anti-MBP antibody. Quantification analysis was done with ImageJ and the amount of relative XPF protein bound to the beads is shown. DKO, double knockout; KO, knockout; WT, wild type. Our current working hypothesis is that SLX4IP acts to promote the interaction between SLX4 and XPF-ERCC1, especially following DNA damage. This function of SLX4IP is critical for interstrand crosslink (ICL) repair. In our XPF-KO cells, truncated XPF was expressed only at low levels and SLX4IP protein was mostly degraded. Therefore, a very limited SLX4-XPF-ERCC1-SLX4IP complex formed and we observed severe ICL repair defects. When we overexpressed SLX4IP in these cells, the interaction between truncated XPF and SLX4 was enhanced, which suppressed the hypersensitivity of XPF-KO or XPF/SLX4IP-DKO cells to mitomycin C (MMC). We found that mAID-mediated downregulation of SLX4 also caused downregulation of SLX4IP protein, which may result in the failure of XPF-ERCC1 recruitment and diminished cell survival. As for SLX4IP-KO cells, SLX4 could still interact with XPF-ERCC1, but the complex was not stable; this was especially true following DNA damage, which resulted in reduced ICL repair efficiency. (B) Cells were treated with 1 m MMC for 1 h and released for the indicated times. Samples were taken to detect the unhooking of ICL using a modified comet assay (please see the Material and Methods section for detailed description). DNA ICL is expressed as the percentage of disrupting one interaction also affects the other, making SLX4IP a bona fide candidate for regulating the stability and activity of the SLX4-XPF-ERCC1 complex. In addition, the binding of SLX4IP to the SLX4-XPF-ERCC1 complex is important for the stability of the SLX4IP protein, suggesting that SLX4IP is a key component of the SLX4-XPF-ERCC1 complex. We further showed that SLX4IP promotes the interaction between SLX4 and XPF in vitro and enhances the interaction between truncated XPF and SLX4 in vivo. The finding that fractions of SLX4-co-eluted XPF may decrease, albeit only slightly, in SLX4IP-KO cells after MMC-based treatment suggests that SLX4IP stabilizes SLX4-XPF interaction following DNA damage and therefore promotes ICL repair ( Figure  7A ). We further examined the epistatic relationship between SLX4IP and XPF and found that XPF/SLX4IP-DKO cells had slightly greater MMC sensitivity than did XPF-KO cells, which may be due to the need for residual SLX4IP in the promotion of interaction between truncated XPF and SLX4. Our current working hypothesis also explains the growth defect in XPF/SLX4IP-DKO cells and the suppression of MMC sensitivity of XPF-KO or XPF/SLX4IP-DKO cells by SLX4IP overexpression. Our data suggested that the major function of SLX4IP is to participate in ICL repair, as the loss of SLX4IP sensitized cells to treatment with the ICL-inducing agent MMC but not to treatment with IR, UV or CPT. In addition, we observed accumulation of SLX4IP-KO cells in the G2/M phase after low-dose MMC treatment, which is a typical indication of an ICL repair defect. On the other hand, others have reported that SLX4 deficiency also sensitized cells to CPT-based treatment (64) and that cells with defective XPF protein are hypersensitive to treatment with UV radiation. However, it is known that SLX4's CPT-related DNA repair function depends on its interaction with MUS81 endonuclease and that XPF's function in the repairing of UV radiation-induced DNA damage is linked with the known contributions of XPF in NER via its association with XPA, but not its interaction with SLX4. The fact that SLX4IP simultaneously binds to SLX4 and XPF limits its function to SLX4-XPF-ERCC1 complex-involved repair pathways, such as ICL repair. This implies that the main function of SLX4IP is to augment the SLX4-XPF-ERCC1 complex following DNA damage.
XPF-ERCC1 is known to act in both the NER and FA pathways. Mutations of the XPF gene can cause progeria, Cockayne syndrome, and FA (86) (87) (88) (89) (90) 96) . Researchers have speculated that cells have two distinct XPF pools: one associates with XPA and functions in the NER pathway, whereas the other associates with SLX4 and functions in the FA pathway (61, 92) . We did not identify any NER-related proteins in our TAP-MS purification of SLX4 or SLX4IP, further indicating the exclusive nature of these two XPF pools. However, it is likely that both NER and FA pathways are required for ICL repair. As Supplemental Figure S3E shows, the SLX4 interaction-deficient mutation XPF L230P partially suppresses the MMC hypersensitivity of XPF-KO cells, suggesting that other SLX4-independent functions of XPF may also contribute to ICL repair.
Although an in vitro assay with a recombinant SLX4 complex without SLX4IP can cleave a broad range of DNA substrates (97) , the ICL repair processes in vivo may be considerably more complex. SLX4IP is not essential for ICL repair, nor is it essential for the interaction between SLX4 and XPF-ERCC1. However, the results of our in vivo studies implied that SLX4IP may stabilize the SLX4-XPF-ERCC1 complex after DNA damage, which is important for maintaining highly efficient, SLX4-coordinated XPF activity during ICL repair. ICL repair is a complex process that requires the coordination of several different DNA repair pathways. Our findings indicate the existence of a novel regulatory mechanism involved in the interplay between the different repair pathways in ICL repair.
Structural analysis of SLX4IP-SLX4-XPF complex with DNA substrates will be very helpful in elucidating the details of SLX4IP function in promoting SLX4-XPF interaction. Although the phenotypes of SLX4IP-KO cells are relatively mild, we cannot exclude the possibilities that SLX4IP may affect the biochemical activities and/or other functions of SLX4-XPF-ERCC1 complex. Thus, we should determine whether SLX4IP may have any additional roles in regulating the enzymatic activity and/or substrate preference of SLX4-XPF-ERCC1 complex. We would like to point out that while this manuscript was under review, Dr. Simon Boulton and colleagues from the Francis Crick Institute showed that SLX4IP also functions in alternative lengthening of telomere (98) , suggesting that SLX4IP-SLX4-XPF complex has roles beyond ICL repair.
Although depletion of XPF or SLX4 is rare in cancers, several studies have reported deletion of SLX4IP by illegitimate V/(D)/J-mediated recombination in about 30% of patients with childhood acute lymphoblastic leukemia (99) (100) (101) . Whether patients with this cancer have ICL repair defects due to SLX4IP deletion must be further investigated. To better understand the relationship between SLX4IP and cancer, and to explore the potential of targeting SLX4IP deficiency in cancer treatment, we searched several public databases (e.g. the Broad Institute Cancer Cell Line Encyclopedia, the cBioPortal for Cancer Genomics, and The Human Protein Atlas) for information regarding SLX4IP. We found that SLX4IP expression level closely correlates with survival probability in pancreatic cancer (Supplemental Figure S9A ). In addition, SLX4IP expression is relatively low in some cases of renal cancer ( Data are presented as the mean ± the standard error of the mean (n = 3). (C) HEK293A cells were mock-treated (Mock) or treated with MMC (either 1# 0.5 g/ml MMC for 1 h and release for 24 h, or 2# 0.1 g/ml MMC for 24 h). After treatment, whole-cell extracts were prepared and subjected to Western blotting with the indicated antibodies. (D) HEK293A-WT, SLX4IP-KO, XPF-KO, and MUS81-KO cells were exposed to 0.5 g/ml MMC for 1 h and allowed to recover after removal of the drug. Cells were then fixed with 3% paraformaldehyde and stained with an anti-␥ H2AX antibody. The percentages of cells with more than five ␥ H2AX foci are shown. Data are presented as the mean ± the standard error of the mean (n = 3). Statistical analysis was performed using the Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant. P values less than 0.05 were considered statistically significant. KO, knockout; WT, wild type. ure S9B). Furthermore, SLX4IP's mRNA level is significantly reduced in a subset of Hodgkin lymphoma cell lines (Supplemental Figure S9C ). Whether SLX4IP can be used as a biomarker for these cancers remains to be determined. If so, ICL-inducing agents may be effective treatment options for acute lymphoblastic leukemia, pancreatic cancer, and Hodgkin lymphoma in patients with SLX4IP deletions or downregulation.
CONCLUSION
In this study, we showed that the loss of SLX4IP caused cells to become sensitive to treatment with ICL-inducing agents and led to accumulation of cells at the G2/M phase after low-dose treatment with MMC. We further demonstrated that SLX4IP localizes to ultraviolet laser-induced sites of DNA damage, suggesting that SLX4IP is directly involved in DNA damage repair. Moreover, we showed that SLX4IP interacts with both SLX4 and XPF-ERCC1 and that this interaction is important for SLX4IP protein stability. Finally, we observed that SLX4IP is important for promotion of the interaction between SLX4 and XPF-ERCC1 after DNA damage. Collectively, these results demonstrate a novel regulatory role for SLX4IP in SLX4-coordinated ICL repair.
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